Abstract: Chronic arginine intake is believed to have favorable effects on the body. However, it might be hypothesized that excessive consumption of an individual amino acid exerts adverse effects on distribution and metabolism of other amino acids. We evaluated the effect of chronic intake of arginine on amino acid concentrations in blood plasma, liver, kidneys, and soleus and extensor digitorum longus muscles. Rats were fed a standard diet or a high-arginine diet (HAD) for two months. Half of the animals in each group were sacrificed in the fed state, and the other half after fasting overnight. HAD increased blood plasma concentrations of urea, creatinine, arginine, and ornithine and decreased most other amino acids. Arginine and ornithine also increased in muscles and kidneys; an increase of lysine was observed in both muscle types. Methionine, phenylalanine, threonine, asparagine, glycine, serine, and taurine decreased in most tissues of HAD fed animals. Most of the effects of HAD disappeared after overnight fasting. It is concluded that (i) enhanced dietary arginine intake alters distribution of almost all amino acids; and (ii) to attain a better assessment of the effects of various nutritional interventions, an appropriate number of biochemical measurements must be performed in both postprandial and postabsorptive states.
Introduction
L-Arginine is a basic amino acid that is required for synthesis of proteins and serves as a precursor for synthesis of creatine, agmatine, urea, polyamines, proline, glutamate, and nitric oxide (Figure 1 ). L-arginine is classified as a conditionally essential amino acid because its endogenous synthesis may not be sufficient to meet metabolic demands in preterm infants and some cases of critical illness [1] .
Current interest in L-arginine is focused mainly on its role in biosynthesis of nitric oxide and its stimulatory role in the secretion of insulin and growth hormone. Considerable literature exists from human and animal studies attesting to the fact that L-arginine may lower blood pressure, reduce blood clots and strokes, lower cholesterol and triglycerides, and improve diabetes and sexual functions via its role as a precursor for endothelium-derived nitric oxide [1] [2] [3] . There is no standard dose of arginine. A common dosage is 2 to 3 g three times a day; lower and higher doses have also been reported [4] . Of the available human studies, doses up to 20 g/day have been generally well tolerated. Minimal side effects such as nausea or diarrhea have been reported at higher doses [4, 5] . Current interest in L-arginine is focused mainly on its role in biosynthesis of nitric oxide and its stimulatory role in the secretion of insulin and growth hormone. Considerable literature exists from human and animal studies attesting to the fact that L-arginine may lower blood pressure, reduce blood clots and strokes, lower cholesterol and triglycerides, and improve diabetes and sexual functions via its role as a precursor for endothelium-derived nitric oxide [1] [2] [3] . There is no standard dose of arginine. A common dosage is 2 to 3 g three times a day; lower and higher doses have also been reported [4] . Of the available human studies, doses up to 20 g/day have been generally well tolerated. Minimal side effects such as nausea or diarrhea have been reported at higher doses [4, 5] .
Despite the many human and animal studies on arginine efficacy, there have been few studies investigating the specific effects of arginine supplementation on the distribution of amino acids in body fluids that may primarily result from alterations in arginine metabolism and amino acid transport across cell membranes. This may impair availability of some amino acids in a number of biochemical pathways and cellular functions, resulting in unexpected responses to various physiological and pathological conditions, such as starvation, exercise, trauma, infection, and cancer development.
The principle aim of the present study was to evaluate the effect of chronic intake of an argininesupplemented diet on concentrations of free amino acids in selected tissues of white rats. The effect has been examined in two nutritionally different conditions-fed and overnight-fasted animals. In fed (postprandial) state, concentrations of nutrients in body fluids are closely related to the composition of the food and anabolic response of the body, mediated by enhanced secretion of insulin and activity of the parasympathetic system. After overnight fasting (postabsorptive state) food composition has a smaller effect on concentration of nutrients in extracellular fluid, and the main role it plays is the gradual decrease in insulin/glucagon ratio and enhanced catabolism of glycogen, lipids, and proteins. In this state, metabolic alterations are examined routinely in clinical practice.
Materials and Methods

Animals and Materials
Male Wistar rats (BioTest, Konarovice, Czech Republic) were housed in standardized cages in temperature-controlled quarters with a 12-h light-dark cycle. All rats received the standard laboratory diet (SLD) (Velas, Czech Republic) and drinking water ad libitum. Despite the many human and animal studies on arginine efficacy, there have been few studies investigating the specific effects of arginine supplementation on the distribution of amino acids in body fluids that may primarily result from alterations in arginine metabolism and amino acid transport across cell membranes. This may impair availability of some amino acids in a number of biochemical pathways and cellular functions, resulting in unexpected responses to various physiological and pathological conditions, such as starvation, exercise, trauma, infection, and cancer development.
The principle aim of the present study was to evaluate the effect of chronic intake of an arginine-supplemented diet on concentrations of free amino acids in selected tissues of white rats. The effect has been examined in two nutritionally different conditions-fed and overnight-fasted animals. In fed (postprandial) state, concentrations of nutrients in body fluids are closely related to the composition of the food and anabolic response of the body, mediated by enhanced secretion of insulin and activity of the parasympathetic system. After overnight fasting (postabsorptive state) food composition has a smaller effect on concentration of nutrients in extracellular fluid, and the main role it plays is the gradual decrease in insulin/glucagon ratio and enhanced catabolism of glycogen, lipids, and proteins. In this state, metabolic alterations are examined routinely in clinical practice.
Materials and Methods
Animals and Materials
Male Wistar rats (BioTest, Konarovice, Czech Republic) were housed in standardized cages in temperature-controlled quarters with a 12-h light-dark cycle. All rats received the standard laboratory diet (SLD) (Velas, Czech Republic) and drinking water ad libitum. The Animal Care and Use Committee of Charles University in Prague, Faculty of Medicine in Hradec Kralove specifically approved this study on 10 February 2010 (identification code: 24774/2006-11020). Chemicals were obtained from Sigma Chemical (St. Louis, MO, USA), Lachema (Brno, Czech Republic), Waters (Milford, MA, USA), Biomol (Hamburg, Germany), and Merck (Darmstadt, Germany).
Experimental Design
A total of 40 male Wistar rats at 7 weeks of age and weighing approximately 200 g each were randomly divided into two groups and fed an SLD or a high-arginine diet (HAD) for 2 months. HAD was prepared by mixing SLD (contains 24% of nitrogenous substances) with L-arginine (Sigma Chemical, St. Louis, MO, USA) in a ratio of 19:1. This resembles a high-dose supplementation of approximately 25 g of arginine per day in human subject.
At the end of the study the rats were sacrificed by exsanguination via the abdominal aorta and soleus (SOL) and extensor digitorum longus (EDL) muscles, liver, and kidneys were quickly removed and weighed. Half of the animals in each group were sacrificed in the fed state, the other half were sacrificed after an overnight fast. Small samples (of approximately 100 mg) of these tissues were immediately homogenized in 6% (v/v) perchloric acid, and the precipitated proteins were collected via centrifugation for 5 min at 12,000ˆg.
Amino Acid Concentrations in Blood Plasma and Tissues
Amino acid concentrations were identified in the supernatants of deproteinized blood plasma and tissue samples using high-performance liquid chromatography (Aliance 2695, Waters, Milford, MA, USA) after derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate. The intracellular concentration of each amino acid was calculated by subtracting the free extracellular portion from the total amount, assuming the plasma concentration to be equal to the concentration in the interstitial fluid as described by Bergstrőm et al. [6] . Total tissue water was measured from the tissue weight obtained after drying for 24 h at 90˝C. The determination of extra-and intracellular water was based on the chloride method according to Graham et al. [7] .
Other Techniques
Plasma levels of urea, creatinine, ALT, AST, glucose, triglycerides, and cholesterol were measured using commercial tests (Boehringer, Mannheim, Germany; Elitech, Sées, France and Lachema, Brno, Czech Republic). Na + , K + , and Cl´were determined with the help of ion-selective electrodes on AVL 983-S (Block Scientific, Englewood, NJ, USA).
Statistical Analyses
Results are expressed as means˘SE. Analysis of variance (ANOVA) followed by Bonferroni multiple comparison post hoc analysis was used to detect differences between multiple independent groups. NCSS 2001 statistical software (Kaysville, UT, USA) was used for analyses. Differences were considered significant at p < 0.05.
Results
Alterations in Food Intake, Body Weight Gain, and Weight and Protein Content of Tissues
We did not find significant differences in food intake, body weight gain, and weight and protein content of liver, EDL, and SOL between SLD and HAD fed animals. Significantly higher weight and protein content values were observed in the kidneys of animals fed by HAD. The effect was more pronounced in a fed state than after overnight starvation (Tables 1 and 2 ). 
Alterations in Blood Plasma
Standard blood biochemistry assays have shown that HAD increased concentrations of urea and creatinine and decreased potassium, triglycerides, and atherogenicity index ( Table 3 ). Consumption of HAD increased blood plasma concentrations of arginine and ornithine and decreased a number of both essential (histidine, lysine, methionine, phenylalanine, threonine, and valine) and non-essential (asparagine, aspartate, glycine, proline, serine, taurine, and tyrosine) amino acids (Table 4) . Plasma concentrations of isoleucine, leucine, alanine, glutamine, citrulline, and glutamate were unaffected. Most of the differences observed between SLD-and HAD-fed animals disappeared after overnight fasting. The exceptions were lower concentrations of citrulline, glutamine, glycine, and serine in animals fed before starvation by HAD than in animals fed by SLD. Table 3 . Effect of chronic intake of HAD on blood biochemistry in fed and overnight-starved animals.
Fed Animals
Overnight-Starved Animals SLD (n = 10) HAD (n = 10) SLD + S (n = 10) HAD + S (n = 10) 
Alterations in Tissues
Consumption of HAD increased arginine and ornithine and decreased intracellular concentration of a number of amino acids (particularly of methionine, phenylalanine, threonine, asparagine, glycine, serine, and taurine) in most of the examined tissues. The exception was the liver, in which arginine concentration was unchanged. A unique effect observed in skeletal muscle was an increase of lysine. After overnight fasting, the differences in amino acid concentrations between animals fed by SLD and HAD were mostly insignificant ( Tables 5-8). Table 5 . Effect of chronic intake of HAD on amino acid concentrations in liver (µmol/L of intracellular water) in fed and overnight-starved animals.
Fed Animals
Overnight-Starved Animals Liver SLD (n = 10) HAD (n = 10) SLD + S (n = 10) HAD + S (n = 10) Means˘SE, p < 0.05. * effect of arginine (HAD vs. SLD or HAD + S vs. SLD + S); # effect of starvation (SLD + S vs. SLD or HAD + S vs. HAD). SLD, rats fed by standard laboratory diet; HAD, rats fed by arginine-enriched diet. Table 8 . Effect of chronic intake of HAD on amino acid concentrations in soleus muscle (µmol/L of intracellular water) in fed and overnight-starved animals. 
Essential amino acids
Discussion
To the best of our knowledge, this is the first study assessing the specific effects of arginine supplementation on the distribution of amino acids in body fluids in postprandial and postabsorptive states. The data clearly demonstrate that chronically enhanced arginine intake leads to marked alterations in aminoacidemia in both the blood and tissues. As differences in food intake and weight gain between animals fed by SLD and HAD have been insignificant, the observed alterations are clearly due to the replacement of 5% of the SLD by L-arginine. The alterations are related to both the specific effects of arginine and effects of enhanced intake of nitrogen.
Alterations in Arginine Levels
As expected, chronic intake of HAD enhanced arginine concentrations in blood plasma, both types of skeletal muscle, and kidneys. The finding of unaffected arginine concentration in hepatic tissue may be explained by the response of the liver to enhanced arginine availability. Exogenous arginine induces arginase expression [8] and activates N-acetylglutamate synthase that catalyses production of N-acetylglutamate, which is an allosteric cofactor for carbamoyl phosphate synthetase I that acts as the controller of flux through urea cycle [9] . Therefore, unaltered concentrations of arginine in the liver are probably due to its activated catabolism as indicated by increased urea concentrations in blood plasma.
Alterations in Arginine Metabolites
It is believed that enhanced arginine availability and arginase activities have a role in synthesis of ornithine, glutamate, proline, and citrulline [10] . Markedly increased ornithine concentrations in plasma, muscles, and kidneys indicate that chronic consumption of arginine activates arginase not only in the liver, but also in extrahepatic tissues.
However, the effect of HAD on glutamate and citrulline was less pronounced, and even a decrease of proline was observed in blood plasma, liver, and kidneys. These findings indicate that other metabolic pathways or alterations in amino acid transport across plasma membranes have more important influences on glutamate and proline concentrations than enhanced availability of one of their precursors. Limited influence of HAD on citrulline levels is in agreement with the general opinion that the amount of citrulline produced via NO synthase is small, and that the main source of circulating citrulline is its synthesis from glutamine in small intestine.
Alterations in Other Amino Acids
One remarkable effect of arginine consumption was the decrease in concentration of a number of amino acids (particularly of methionine, phenylalanine, threonine, asparagine, glycine, serine, and taurine) in both blood plasma and tissues. The decrease of aminoacidemia in animals fed by HAD is markedly different from the minimal changes observed in animals chronically fed a high-protein diet [11] . A marked decrease (more than 10%) was found in EDL and kidneys. We believe this is a new and important finding, indicating a possible negative influence of abundant consumption of arginine. The lack of amino acids may exert a negative influence on various metabolic pathways, particularly on protein synthesis.
We suppose that the main cause of the decrease in aminoacidemia is the effect of a high concentration of arginine on the rate of transport of various amino acids across the cell membranes and not decreased availability of amino acids in the food. This suggestion is supported by unaltered concentrations of branched-chain amino acids, particularly leucine and isoleucine, which use different transporters than arginine [12] .
Greater decreases in amino acid concentration in EDL (muscle composed of white, fast-twitch fibers) than in SOL (muscle composed of red, slow-twitch fibers) corresponds with our previous reports demonstrating that white muscles are more sensitive to various physiological or pathological signals than muscles containing mostly red fibers [13] [14] [15] [16] .
A noteworthy effect of chronic arginine consumption is an increased concentration of lysine in skeletal muscle. It has been shown that this tissue has a very high affinity for free lysine, and it has been suggested that muscle represents a major storage organ for free lysine [17] . Bergstrom et al. [18] have observed relatively greater elevations of lysine in muscle than of other indispensable amino acids after a protein-rich meal. However, the mechanism by which protein-rich meals or HAD increase lysine concentration in muscle is obscure.
Other Alterations Induced by HAD
Among the results of the effects of HAD obtained by standard blood biochemistry, the decrease of potassium in blood plasma is of special interest. This contradicts reports of its increase in acute studies in which arginine was infused as arginine monohydrochloride [19] [20] [21] . It has been suggested that the rise of potassium may be due to the exchange of cellular potassium for the proton from the arginine hydrochloride [20] . The decrease of potassium in our study, in which a pure L-arginine was used as a supplement, may be related to the well-known stimulatory effect of arginine on insulin secretion. The observed decrease in plasma triglycerides and atherogenicity index is in agreement with other studies reporting the triglyceride-lowering effect of L-arginine [22] . Higher weight and protein content of the kidneys in HAD fed animals is probably related to enhanced intake of nitrogen and not to the specific effect of arginine. We did not find an increase in weights of extensor digitorum longus and soleus muscles in animals fed by HAD as reported recently by Yang et al. [23] .
Effect of Overnight Starvation
Most of the differences observed between animals fed by SLD and HAD in a fed state disappeared after overnight fasting. Minimal changes in amino acid concentrations have also been reported in animals fed a high-arginine diet that fasted 5 h before collection of blood samples for amino acid analysis [23] . These findings indicate that the body can maintain aminoacidemia in physiological ranges in conditions of excessive intake of arginine, and that laboratory biochemistry that is routinely performed after overnight fasting should also be performed in postprandial states in some conditions. It is noteworthy that overnight starvation did not decrease concentrations of arginine that were expected due to supposed up-regulation of arginine catabolizing enzymes, particularly arginase.
Conclusions
We conclude that enhanced dietary arginine intake has a significant effect upon the tissue distribution of all amino acids. The increase of arginine and ornithine and a decrease in concentration of a number of amino acids in blood plasma and tissues are among the main findings observed in animals sacrificed in postprandial state. The increase of lysine in skeletal muscle and the decrease of potassium, triglycerides, and atherogenicity index in blood plasma should also be noted. Observation that most of the alterations occurring in the fed state disappeared after overnight starvation indicates that some routine biochemical measurements should be performed in the postprandial state to get a clear picture of the effects of various nutritional interventions.
